Summary. Carnitine and glycerylphosphorylcholine (GPC) levels have been measured in the reproductive tissues of male rats, with special reference to the epididymis. The increase in concentration of these compounds in reproductive tissues during the prepubertal and pubertal periods has been examined and their distribution along the epididymis has been determined in mature animals. Carnitine accumulates in the epididymal plasma in the cauda epididymidis whilst GPC accumulates in the caput epididymidis. By developing a new technique for the collection and separation of epididymal spermatozoa and undiluted fluid from the cauda epididymidis, the concentrations of carnitine, acetylcarnitine and GPC have been measured and the free fatty acid composition of epididymal plasma has also been determined and compared with blood plasma. By examining the effects of castration, testosterone replacement and cryptorchidism, the accumulation of carnitine and GPC in the epididymis has been shown to be under androgen control. By contrast, the anti-androgens, cyproterone acetate and medroxyprogesterone acetate, did not influence secretory activity, perhaps because their effect was nullified by a high androgen concentration in epididymal plasma. The antifertility compound \ g=a\ \ x=r eq-\ chlorohydrin was also shown to be without effect on the concentration of carnitine and GPC in the reproductive tract. The relationship of carnitine and GPC to the metabolism of fatty acids by spermatozoa is discussed.
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INTRODUCTION
Various changes take place in spermatozoa as they progress through the epididymis and it is assumed that these changes are directly related to the development by spermatozoa of the ability to fertilize an egg. One such change is the extensive alteration in their lipid composition as the spermatozoa pass along the duct (Scott, Dawson & Rowlands, 1963; Dawson & Scott, 1964; Grogan, Mayer & Sikes, 1966; Pickett, Komarek, Gebauer, Benson & Gibson, 1967;  Quinn & White, 1967; Scott, Voglmayr & Setchell, 1967; Lavon, Vulcani & Danon, 1970) . The importance of these lipid changes to sperm maturation is not clear; it was suggested by Lardy & Phillips (1941) , however, that phospholipids act as substrates for mammalian sperm metabolism, and Hartree & Mann (1959 (Terner & Korsh, 1962; Minassian & Terner, 1966; Scott et al, 1967; Payne & Masters, 1968; Mills & Scott, 1969; Neill & Masters, 1971 , 1972 , although this may not occur in vivo (Dawson, 1958) .
Two compounds related to lipid metabolism, glycerylphosphorylcholine (GPC) and carnitine, are found in high concentrations in the epididymis. The former was first identified as a major constituent of semen by Dawson, Mann & White (1957) , who showed that it was present in high concentrations in the epididymal secretion in the bull and boar. Spermatozoa do not have the ability to metabolize GPC (Dawson et al., 1957) , although it has been suggested that they can utilize GPC inside the female reproductive tract, owing to the presence of a diesterase ; Wallace & White, 1965) . In-vivo experiments with rats suggest that epididymal GPC is formed from lecithin or choline plasmalogen (Scott, Dawson & Rowlands, 1963) whilst in-vitro experiments with rabbits suggest that GPC is formed de novo (Wallace, Wales & White, 1966) .
Carnitine has recently been recognized as a major constituent of the epidi¬ dymis (Marquis & Fritz, 1965; Pearson & Tubbs, 1967) , although its rôle in fatty acid metabolism has been realized for some time (Fraenkel & Friedman, 1957; Fritz, 1963) . The concentration of carnitine in the epididymis seems to be the highest in the body (Marquis & Fritz, 1965; Pearson & Tubbs, 1967) , and spermatozoa have the highest levels of the enzyme carnitine acetyltransferase (Marquis & Fritz, 1965) .
The object of the present study was to examine carefully the factors con¬ trolling the accumulation of carnitine and GPC in the epididymis with special reference to the site of accumulation and the increase in accumulation over the pubertal period. It was also our aim to examine the possibility that the break¬ down of epididymal epithelial lecithin releases GPC and free fatty acids, and that carnitine is involved in the utilization of the latter by spermatozoa, whether it be for their energy requirements or for lipid synthesis. A preliminary account of this work has been reported by Brooks & Hamilton (1973 Fig. 1 : cut 1 separated the ductuli efferentes from the testis, the ductuli efferentes were isolated by cut 2, the initial segment of the epididymis by cut 3, the caput epididymidis by cut 4, the cauda epididymidis by cut 5, and the ductus deferens by cut 6. In other instances, the epididymis was only divided into two sections by cut 4; the segment between cuts 1 and 4 is referred to as the caput epididymidis and that between cuts 4 and 6 as the cauda epididymidis plus ductus deferens.
In the rat, the coagulating gland lies adjacent to the seminal vesicle and shares a common peritoneal sheath. In experiments where the seminal vesicles were taken for analysis, the excised tissue contained both glands with their content of secretion.
Collection of epididymal fluid
The epididymis was obtained as described above and cleaned in the same way. Here, however, the cauda epididymidis was severed from the rest of the organ by cut X (PI. 1, Fig. 1 Fig. 3 ). The drawn end of the pipette was cut off and the tube was then ready for high speed centrifugation. For this purpose, polyallomer centrifuge tubes filled with epoxy plastic (Luft, 1961) Brooks (1970) . AcetylCoA was prepared by acetylating CoA with acetic anhydride (Stadtman, 1957) . Choline acetyltransferase (EC 2.3.1.6) was prepared from beef brains by the method of Potter & Glover (1971) and 2-oxoglutarate dehydrogenase (EC 1.2.4.2) from pig hearts as described by Sanadi, Littlefield & Bock (1952) . Milk diluent was prepared according to Harrison & White (1972) (1964) in a final volume of 0-5 ml. Fluorometric assay of carnitine was carried out by a coupled reaction similar to that described by Tubbs & Garland (1969) . The final composition of the assay mixture (3 ml) was 0-1 M-potassium phosphate pH 7-2, 1 mM-MgCl2, 0-5 µ-EDTA, 0-2 mM-dithiothreitol, 0-5 mM-2-oxoglutarate, and 0-1 mM-NAD
One µ of 15 mM acetyl-CoA was added just before the addition of 2-oxoglutarate dehydrogenase. Carnitine was measured as the fluorescence increase due to the addition of carnitine acetyltransferase. The commercial preparation of carnitine acetyltransferase was found to contain glutamate dehydrogenase (EC 1.4.1.2) which caused severe interference; this was overcome by dialysing the enzyme against 20 mM-potassium phosphate pH 7-2 to remove ammonium sulphate.
Acetyl-CoA and acetylcarnitine were measured fluorometrically by the method described by Williamson & Corkey (1969) . The 3-ml assay volume contained 0-1 M-potassium phosphate pH 7-2, 0-033 mM-malate, 0-1 mM-NAD + , 0-05 mM-CoA, and 0-17 mM-EDTA. The fluorescence changes due to the successive additions of malate dehydrogenase, citrate synthase and carnitine acetyltransferase were measured and the corrections described by Pearson (1965) were applied to the results.
The GPC was measured as choline released by acid hydrolysis under con¬ ditions in which compounds such as phosphorylcholine show negligible hydrolysis. The extract was first cleaned of charged molecules by passing it through a short column containing approximately 0-5 ml of Dowex AG 50 on the bottom with 0-5 ml of Dowex AG 1 layered on the top. About 10 ml water were used to wash through the column. The extract was collected directly into a freeze-drying ampoule. After freeze-drying, the residue was taken up in 0-5 ml water; 50 µ of 10 M-HC1 were added and the ampoule was heated for 20 min in a boiling water bath. After cooling, the sample was neutralized with 50 µ of 10 M-NaOH and aliquots were then taken for choline assay.
The assay mixture consisted of the sample plus 0-8 M-NaCl to a volume of 0-2 ml. To this was added 0-1 ml of 0-3 M-potassium phosphate pH 7-2 con¬ taining 2-5 mM-EDTA, 1 mM-physostigmine sulphate, and 1-5 mM-acetyl-CoA. Choline acetyltransferase preparation (5 µ ) was added and the tubes were incubated at 37°C for about 2 hr. The enzyme was precipitated by the addi¬ tion of 0-2 ml of 20 % (w/v) trichloroacetic acid followed by brief centrifuga¬ tion. The CoA released during the incubation was measured by mixing 0-3 ml of the supernatant with 0-3 ml of 1 M-tris base and 10 µ of a preparation containing 4 mg 5,5'-dithiobis-(2-nitrobenzoic acid)/ml and recording the extinction at 412 nm. Under the conditions used, the working range for choline estimation was 0 to 50 nmol.
Other procedures
For radioactivity counting, 0-1 ml of the sample was added with 0-2 ml water to 5 ml toluene : Triton X-100 (2:1, v/v) containing 2-67 g PPO and 0-2 g POPOP/litre.
Free fatty acids were extracted from heparinized blood plasma and epi¬ didymal plasma by the method of Dole & Meinertz (1960) . A known amount of n-pentadecanoic acid was added as a recovery standard. The extract was dried under nitrogen and taken up in ether. Methyl esters were prepared by bubbling freshly distilled diazomethane through the etherial solution (Brooks & Mann, 1973 Four 90-day-old rats were vised in each group and the results are given as the Mean ± S.E.M. In Groups A and B, the spermatozoa were separated by two and four centrifugal washings in buffer respectively. Table 2 , the spermatozoa were washed four times and the level of carnitine in the fourth wash fluid was well below that measured in the sperm extract.
Carnitine and GPC were present almost exclusively in the epididymal plasma.
By collecting the epididymal contents directly into a capillary pipette and separating the spermatozoa from the plasma, it was possible to determine the molar concentrations of carnitine and GPC in epididymal plasma. Table 3 shows that spermatozoa in the cauda and ductus deferens were bathed in a fluid which contained these two compounds in very high concentrations.
The distribution of carnitine and its fatty acyl derivatives in the epididymis of mature animals is shown in Table 4 , together with values for spermatozoa which had been washed carefully in milk diluent in such a way as to minimize damage to the sperm cells during the washing procedure and thereby to (Table 6) show that the epididymis had regressed as had the testis and seminal vesicles plus coagulating glands. In the testis, the concentration of GPC declined whilst that of carnitine increased. There was no significant alteration in the concentration of carnitine and GPC in the caput epididymidis although it appears that the concentration of GPC tended towards lower values than in control animals. Significant decreases in the concentration of carnitine and GPC were found, however, in the cauda epididymidis plus ductus deferens.
In contrast to the effects of reduced androgen production caused by cryptorchidism, castration of mature animals resulted in a complete cessation of androgen production. The effects on epididymal size and the concentration of carnitine and GPC were very dramatic (Table 6 ). These animals had been castrated for only 3 weeks but the seminal vesicles plus coagulating glands and ventral prostate had regressed almost completely. Carnitine and GPC con¬ centrations fell to very low levels.
Two anti-androgens, cyproterone acetate and medroxyprogesterone acetate, were administered over a period of 3 weeks to adult animals to determine whether these would mimic the effects of castration. The results (Table 7) show that both compounds had a pronounced effect on the normal increase in body weight of the animals. Both compounds could be classed as having an anti-androgenic effect by the reduction in weight of the seminal vesicles plus coagulating glands and the ventral prostate. A reduction in weight of the Contrary to the effects of castration, these two compounds had no effect on the concentration of carnitine in the epididymis, and either had no effect on or increased the levels of GPC in the epididymis. The levels of GPC were lower, however, in the regressed seminal vesicles plus coagulating glands.
Influence of a-chlorohydrin
No differences between control and treated animals were found with any of the parameters that were measured.
Free fatty acids in epididymal plasma and blood plasma By using the collecting technique developed for epididymal plasma, sufficient material was obtained to enable a determination to be made of the free fatty acid composition of epididymal plasma from individual animals. In order to make a comparison, blood plasma was also collected by decapitating unanaesthetized animals. Table 8 lists the free fatty acids identified and their respective concentrations. The composition of the free fatty acids in epididymal plasma was distinctly different from that in blood plasma; their combined concentra¬ tion was also significantly higher, although this must be accepted with reserva¬ tion as the plasma free fatty acid level is subject to large fluctuations during the day (Fuller & Diller, 1970) .
DISCUSSION
The results of the present study have confirmed and extended the results of Marquis & Fritz (1965) in showing that the high levels of carnitine found in the epididymis were due to the presence of a very high concentration of carnitine in epididymal plasma from the cauda epididymidis, and that these levels were under androgenic control. In another report we have shown that carnitine is concentrated in the epididymis from the blood stream (Brooks, Hamilton & Mallek, 1973) . On the other hand, GPC seemed to be secreted principally by the caput epididymidis, in agreement with the findings ofDawson & Rowlands (1959), Scott, Dawson & Rowlands (1963) and Scott, Wales, Wallace & White (1963) . Amongst animals which have been studied, the presence of high levels of GPC in the seminal vesicle secretion seems to be a peculiarity of the rat and guinea-pig, and we have confirmed that the secretion of GPC by this organ is also under androgenic control (Lundquist, 1953; part of the total osmotic pressure of fluid from the cauda epididymidis (Levine & Marsh (1971) (Beach & Westbrook, 1968; Whalen & Edwards, 1969) . One explanation is that the anti-androgenic effect is dependent on the ratio of anti-androgen to androgen in the target tissue. The lack of effect of cyproterone acetate in the epididymis might therefore be due to a high local concentration of androgen, perhaps in the epididymal plasma where high concentrations have been reported (White & Hudson, 1968) .
It has been well established that a-chlorohydrin causes sterility in the male and the effective dose rates in the rat have been well documented (Coppola, 1969; Gunn, Gould & Anderson, 1969; Ericsson & Baker, 1970) . Although this compound has recently been shown to accumulate in the epididymis (Crabo & Appelgren, 1972) , its mechanism of action is entirely obscure. Due to the fact that a-chlorohydrin is a competitive inhibitor of glycerol kinase (Thorner, 1972 and J. W. Thorner, personal communication), we felt that it might manifest its action by interfering with phospholipid metabolism in the epididymis and hence the secretion of GPC. Our results, however, showed that GPC and carnitine levels in the epididymis were unaffected by the administration of this compound over the prepubertal and pubertal periods.
In other tissues it has been shown that carnitine acts in a transport system whereby long-chain fatty acids can pass into the mitochondrial matrix to the site of ß-oxidation. The fatty acid is first activated to form a CoA-thiol ester (Fritz & Yue, 1964) and then forms an O-acyl ester with carnitine, catalysed by the enzyme, palmitoylcarnitine acyltransferase (Bremer, 1963; Fritz & Yue, 1963; Norum, 1964 Norum, , 1965 , which has a wide specificity for acyl chain lengths from about C8 up to at least C18. Another transferase, carnitine acetyltransferase, operates with acyl chain lengths from C2 to C10 (Chase, 1967 ). The acylcarnitine formed is then able to penetrate through the inner mito¬ chondrial membrane where the acyl group is released as acyl-CoA.
Although palmitoylcarnitine acyltransferase has a definite biological rôle in the oxidation of long chain fatty acids, the rôle of acetylcarnitine in the transport of acetyl groups out of the mitochondrion (Fritz & Yue, 1964) has been questioned, as this process seems to be mediated principally by the formation of citrate (Srere & Bhaduri, 1962; Lowenstein, 1965; Bressler & Brendel, 1966) . As an alternative, it has been suggested that acetylcarnitine acts as a buffer for acetyl-CoA levels (Tubbs, Pearson & Chase, 1965; Pearson & Tubbs, 1967) . Acetate has been extracted from washed boar spermatozoa by Brooks & Mann (1973) . Lactic acid (6 to 11 mM) and volatile fatty acids (1-7 mM) have been reported in ram epididymal plasma by Scott, Wales, Wallace & White (1963) and Scott, White & Annison (1961) respectively. In the present work, the concentration of long-chain free fatty acids in rat epi¬ didymal plasma has been measured as 1 mM. All of these determinations are subject to the criticism that they were made on fluid which took a considerable period of time to isolate and therefore the concentrations may not represent the situation in vivo. The presence of these compounds in epididymal plasma collected in this way can, however, be taken as a good indication that they are normally available to the spermatozoa in the epididymis.
The results in Tables 2, 4 and 5 indicate that between 5 and 10% of the carnitine in epididymal plasma is present as acetylcarnitine. Taking the figure of 63 mM for the carnitine concentration in epididymal plasma, the concentration of acetylcarnitine can be calculated as 3 to 6 mM. Long chain acylcarnitine levels appear to be quite low (0-4% of the total carnitine).
The presence of significant amounts of free fatty acids, carnitine and acetyl¬ carnitine in epididymal plasma suggests that these fatty acids may be oxidized in the epididymis. The presence of large quantities of GPC and the differing free fatty acid composition in comparison with blood plasma imply that lecithin in the epididymal epithelium is the source of these fatty acids, although the loss in sperm lipid which occurs during epididymal transit must also con¬ tribute. Although spermatozoa possess high levels of carnitine acetyltransferase (Marquis & Fritz, 1965) , their palmitoylcarnitine acyltransferase activity is not known, but they must presumably have this enzyme in order to oxidize free fatty acids as measured by Hartree & Mann (1959 . The extracellular location of large amounts of acetylcarnitine may represent a translocation function for this compound in addition to the buffering action mentioned previously, and it is possible that some of these acetyl groups are used for the synthesis of sperm choline plasmalogen that has been suggested to occur during epididymal transit (Scott, Dawson & Rowlands, 1963; Dawson & Scott, 1964 
